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Abstract--We describe a method of correcting both
random and systematic timebase errors using measurements
of two quadrature sinusoids made simultaneously with a
waveform of interest. We estimate the fundamental limits to
our procedure due to additive noise and sampler jitter and
demonstrate the procedure with some actual measur ements.

Index Terms-jitter, sampling oscilloscope, timebase
distortion, waveform metrology, comb generator

I. INTRODUCTION

High-speed sampling oscilloscopes suffer from
systematic timebase distortion (TBD) and random jitter that
cause errors in the time in awaveform at which samples are
acquired. We propose an alternative timebase, for use with
conventional sampling oscilloscopes, that greatly reduces
both TBD and jitter. The new timebase relies upon
simultaneous measurement of the signal of interest, and two
reference sinusoids (in quadrature) that serve to determine
the actual time at which the measurement was performed
[1]. The conventional timebase of the oscilloscope is used
to characterize distortion in the two reference sinusoids, and
to determine within which half-cycle of the auxiliary
sinusoids the signal was measured. The new timebase is
estimated from the sinusoids using a weighted “error in
variables’ approach that accounts for relative contributions
of additive noise and timing error.

Sampling oscilloscopes that have a form of jitter
correction based on quadrature sinusoidal reference signals
are described elsewhere in the literature[2], and sampling
oscilloscopes with similar functionality have recently
become commercialy available[3, 4]. Our implementation
achieves the best aspects of these systems simultaneously,
including a residual jitter of less than 200 fs, correction of
time records with nearly arbitrary length, and it applies to
signals at almost any frequency. Furthermore, our method
is inexpensive, since it can be implemented with an older
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generation of standard equipment. Our method corrects for
both random jitter and systematic timebase distortion and
provides the user with an estimate of the residual timing
error after the correction process has been applied. Also our
technique is nonproprietary and is described and
characterized here, for the first time, in the open archival
literature.

In an oscilloscope the timing error at the ith
sample, y;, is the sum of the systematic TBD, h;, and
random timing jitter error ti. Thus the ith sample of the
signal of interest g, as afunction of time, is given by

y =g(T +h #;)+e (€N
where T = (i - DT, is the target time of each sample, Ts is
the target time interval between samples, and g is additive
noise. We assume the jitter and additive noise are
independent zero-mean random variables with variances
sZands?

The problem of estimating jitter and correcting for
its effects has been addressed by many authors [5,6, 7,8,9].
The typical approach is to obtain the signal variance of
independent, repeated measurements and use the
approximate model [ 10]

var(y ) »s 2t ) +s ¢ @)
. Here g{t,) is the derivative of the ideal

signal evaluated at t, =T, +h, . It is usually assumed that,
upon averaging, the jitter acts as alow-passfilter so that the
average signal is the convolution of the ideal signal
g(t,) and the probability density function p(s) of thejitter:

(9(t))=cp(t-t)p(t )t - @3)

The effects of jitter are then removed by deconvolution [5].
This approach has the following problems:
a) Measurements must be repeated to find the
measurement mean and variance.
b) Estimates of the jitter variance from (2) are
generally biased (for example, see [9]).
¢) p(+) must beknown.

to solve for s ?

d) p(s) must be the same over the entire measured

waveform.

e) The averaging process removes some of the
inherent bandwidth from the measured signal,
making the deconvolution subjective[11, 12].
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f)  Deconvolution is an “ill-posed” problem [12], so
that in the presence of noise there is no unique
solution.

Generally, it is desirable to avoid deconvolution,
particularly in cases where the jitter is large, varies over the
measurement time window, or has a non-Gaussian
probability density. All these situations make deconvolving
thejitter from (3) problematic.

The problem of estimating TBD has also been
studied by many authors [13- 20]. Recent work [17- 20]
has used a nonlinear least-squares approach that fits
multiple measured sinusoids with multiple phases and
frequencies to a distorted sinusoid model. This approach
performs well at discontinuities in the TBD and allows
simultaneous estimation of the harmonic distortion, if any,
in the measured sinusoids. The distorted-sinusoid model,
with harmonic number ny, is given by [18]

J
Y =a; +& b, cos(2p K t; )
kel 4)
+gjksin(2pkfj';j)8+eij ,
where f; is the fundamental frequency of the jth measured
waveform y;; at the ith nominal time, t, =T +h +t . The

random jitter is t;; and ; is random additive noise. The
valuesof a;, b, g,,and h can be estimated, by use of

a weighted least-squares approach [18]. To obtain a
solution using this approach, we typically measure a set of
sinusoidal waveforms at two or three different frequencies.
Each set includes two sinusoids, of a given frequency, that
are approximately in quadrature. Hence, each set can have
up to four or six waveforms. When estimating TBD we
generally average over several measurement sets to reduce
the uncertainty due to random jitter and additive noise

In the present work, however, we are interested in
the total timebase error, i.e. the sum of the TBD and the
jitter. We use al of the information in the sinusoid to find
the distortion (that is, we estimatea ;, b, , and g, ) and the

Time
Figure 1. Circles show sampled signal using distorted
and jittered oscilloscope timebaseand the solid curve
shows the estimated distorted sinusoid. Horizontal
lines show difference between the time estimated from
the curve and the nominal oscilloscope timebase.
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timebase (h and t ;) simultaneously so that the measured

dependent variable (y;j) best corresponds to the values of the
distorted reference sinusoids with the new timebase In
this case, no averaging isinvolved.

A simple illustration is shown in Fig. 1, which
plots uncorrected measurements (circles at timeT) of a

reference sinusoid with an estimate of the distorted sinusoid
(solid curve). The estimated sinusoid is found by
minimizing the average “distance” between the samples and
the sinusoid. If we assume, for illustrative purposes, that
there is no additive noise, we can estimate the total time
error due to timebase distortion and jitter by drawing a
horizontal line between each measurement (circles) and the
distorted sinusoid. The length of each line represents the
difference between the nominal (oscilloscope) time at
which the measurement was taken and the time as
determined by the distorted sinusoidal fit. The time that
each line intersects the distorted sinusoid is the corrected
time for each sample. Once the timebase error is known, it
can be applied to a simultaneously measured signal of
interest if the timing errors of the simultaneous
measurements are sufficiently correlated.

Il. SYSTEM FOR MEASURING AND CORRECTING TIMEBASE
ERRORS

Fig. 2 shows ageneralized schematic of the signal
generator and sampling system for correcting timebase
errors. The reference oscillator generates a sinusoid with
frequency f. The waveform generator and trigger generator
are synchronized to the reference oscillator.

We take advantage of the parallel design of many
equivalent-time sampling oscilloscopes. In such an
oscilloscope, the sampling process proceeds as follows
[21,15]: (a) the timebase is armed to trigger on a rising or
falling edge at a certain level, (b) a pulse with the desired

Reference Oscilloscope
oscillator tOf t(sD)
[ 1)
\/\ Hybrid @
coupler LL2L t
S,
(S3)
Waveform £ ¢
S Sampler
generator drive
Samplers pulse
y
Trigger £ _| Timebasedday
generator generator

Figure 2. Schematic diagram of generic system used
to measure and correct oscilloscope timebase errors.
The reference generator, waveform generator, and
trigger generator are synchronized. Various sources of
jitter are labeled ast®.
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characteristics is sent into the trigger input, triggering the
timebase, (c) the timebase (delay generator) waits for a
predefined time delay, and then (d) the timebase generates a
drive (strobe) pulse that is split and sent simultaneously to
all the samplers in the oscilloscope mainframe. A
waveform is sampled by incrementing the time delay by a
nominal increment Ts and repeating the process. A result of
the parallel architecture is that any jitter on the trigger pulse
or the timebase delay generator is common to the sampling
time of all the samplersin the oscilloscope mainframe.

In Fig. 2 we show the sources of jitter, measured
relative to an absolute reference oscillator. They include
t® and t @, which are the jitter of the reference signals.
We expect that these have the same statistical properties

(mean of 0 and standard deviation s ¥ =s @), although
their individual realizations for the ith sample will differ.

The value of t @ isthe jitter of the generated waveform we
want to measure and has mean 0 and standard deviation
s @, Thevalueof t ™ isthejitter of the trigger generator
and timebase generator circuit and has mean 0 and standard
deviation s . We also include ajitter t > (x =1, 2,3) for
the actual sampling process for each of the samplers, with
mean 0 and standard deviations & =g & =5 &3,

When the samplers are simultaneously fired from

the same trigger event, the different jitter components
contribute to the sampled signals as follows:

S(t)=S(T+h+t @+t +t()

S(t) =S, (T +h +@ +(@ +t() 5)

S(t) =S (T R+t + (2 +t[7).
We note that h and t™ are common to al the
simultaneously sampled waveforms. Hence, if s ™ 5 ®
ands ™ s ¥ (x=1, 2, 3), t ™ isthe dominant source of
jitter and we can approximate t;j as t 7. Furthermore, if
we can estimate h andt” from the known sinusoidal
signals S (t) and S(t;), we can apply our estimate to the
third waveform, S,(t;), and compensate for timing errors
in its measurement.

I11. ESTIMATING RANDOM JITTER

Our approach to estimating the timing errors in (4)
is to apply the so called errors-in-variables [22] or
orthogonal distance regression (ODR) [23] to the model in
(4). In this approach, the distorted sinusoid model is fit to
the data with the assumption that both “dependent” (y;) and
“independent” (t;) variables are subject to errors.
Specificaly, let y;; and y, be the ith samples of nearly
quadrature sinusoids measured simultaneously with the
signal of interest. Denote the total timing error
asd, =h +t,, j=12.Then d, and d, are the timing
errors of the two sinusoid measurements. Because the
strobe pulse drives al the samplers nearly simultaneously,
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as described in the previous section, we assume equal
timing errors in channels 1 and 2 That is, we assume
t,=t,=t;, and hence d =d;=h-+t and

t =t =T +d . Werewritey,, givenin (4), as a function
Fofq, =(a,b,...b,.0,..9, )
Yy = F(T| +di;qj)+eij .
Estimates of timing errors d, are readily available
from the ODR fit of the model using ODRPACK [23]. The

ODR procedure obtains the best-fit model for this problem
by minimizing

E@,.,.d)= é W, (ef1 +ei22) +w,d?
i=1

= & {w, (g (T +dia) vl + € (T 0,)- v )+ v

i=1

with respect to g, ,q,, and {d;, i =1,...,n} , where n is the
number of samples. The relative weight for errors e and
d, isdenoted by w=w, /w, and the timing error estimate
is optimized when w=s 2/s 2 [23].

This ODR approach works well for most of the
data we observe in our laboratory and requires only two
nearly quadrature sinusoids. There are instances, however,
where the ODR approach produces unsatisfactory results.
This is the case, for example, when the waveform is very
long or there are only a few samples per cycle of the
sinusoid. In such cases, we use an estimate of the TBD as
an initial guess for the total timebase error to help the ODR
routine converge to a solution. This initial TBD estimate
requires additional measurements of quadrature sinusoids at
different frequencies. These additional measurements need
not be made simultaneously with the signal of interest.

V. SIMULATION STUDIES

Additive noise on the reference sinusoids can be a
source of error in any time-base error correction. From (2)
we see that the frequency f of the sinusoid g(t) should be

chosen such that sf(gff(t))2 >s? over most of the

sinusoid. That is, to achieve good discrimination between
jitter noise and additive noise, the slew rate must be high
enough so that the jitter noise becomes the dominant noise
process for most of the sinusoid. For our sinusoid, we

require s 2 (20 fA)2 > s ?, where A is the amplitude of the

sine wave.
We can estimate the root-mean-square (RMS)
residual error s, due to additive noise, in the limit of zero

jitter, as s, =(2 )" (s,/A). Fora10GHz sinusoid and
100(s./A) =0.1%, s, =0.016ps. We expect the
proposed method will achieve lower residual timing error
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Table 1. A mplitude of fundamental and harmonics used in
the simulation study

Ffundamental Harmonic amplitude, V
requency, -
quHz Y Fundamental Seconq Th'rd.
harmonic harmonic
10.0000 0.150 0.0006 0.007
9.8855 0.150 0.0006 0.007
10.2855 0.150 0.0002 0.0003

because optimum weighting is used to account for the
presence of both jitter and additive noise.

We used simulation to investigate the proposed
method for estimating the timing error and the fundamental
limits imposed by additive noise. The criterion used in the
comparisons is the amount of timing error remaining in a
waveform of interest after both random and systematic
timebase errors were corrected using the estimation
procedure.

Recall that

tij =Ti +h| +t ij "
With estimates (denoted by *) of the TBD,ﬁ , and jitter,t‘”. ,
obtained by the estimation procedure, the best estimate of
t; isthen given by

t; =T, +h +t .
The remaining timing errors can be characterized by the
standard deviation, s , of

Dij :tij -qj :h +tij B (h +tij] '
where h and t; are the actual TBD and jitter used in the
simulation.

We generated sinusoids according to (4) to
simulate actual measurements. The simulation parameters
used here, including TBD, are closely related to those we
observe in our laboratory. We used a time-measurement
window (waveform epoch) of 52 ns with 53248 samples.
Since the TBD is large for this long time record, we
estimated TBD and used it as an initial guess for the total
time error. We generated 100 sets of 6 sinusoids, including

0° and 90° phases at three different frequencies. The signal
frequencies and amplitudes are given in Table 1, along with
the amplitude of the harmonics (0,=3). In each simulation

experiment, the additive noise e, was generated using a
normal distribution with mean 0 and standard deviation s, .
The random jitter t, was generated using a normal
distribution with mean O and standard deviations,. We
also saved the nominal realization of t; for the purposeof
caculating D, ands |, .

Table 2 displays the mean value of s, (from the

100 simulations) of the 10 GHz 0° sinusoids for each of the
combinations of s, and s, used in the simulation

experiments, with the standard deviation of s from the
100 simulations in parentheses. Table 2 shows that our

hale_compensation_of _timing_errors.doc 40f 8

0.2

©
[

Signal, arb.
o
|

S
a
I

'02 | | ] | ] | Ll I Ll

0O 004 008 012 0.16 0.2
Time, ns
Figure 3. Plot of one of the 52 nslong 10 GHz O°
sinusoids with (light dots) and without (black dots)
correcting timing errors. See text for explanation.

procedure is effective for correcting the timing errors even
in the presence of additive noise. The additive noise has a
relatively large effect on the residual jitter, while the
original jitter has arelatively small effect, as shown by the
similar values in each row of Table 2 Using the optimum
weighting allows us to achieve residual timing errors that
are comparable to or below the simple estimate s,
described at the beginning of this section. The small
standard deviations in the simulations show that the
agorithm gives results that are repeatable to within a few
femtoseconds.

We plot one of the simulated 10 GHz 0° sinusoids
with and without correcting the timing errorsin Fig. 3. The
long waveform (520 periods in our simulated experiments)

Table 2. Simulated residua timing errors, s, (in
picoseconds), along with standard deviation of the
simulation (in parentheses) as a function of additive noise
and random jitter standard deviations s, and s, .
Simulation conditions are described n Section IV. The
relative weights are w=s?/s?, except whens, =0,

where w=10"°.

S,,Pps

s, %of S,.,ps
amplitude Ops 1.6 ps 3.2ps 6.4 ps
01 0.009 0.020 0.021 0.022
(0.000) (0.003) (0.004) | (0.003)
1 0.091 0.161 0.165 0.187
(0.000) (0.001) (0.003) | (0.011)
0.456 0.747 0.789 0.806
5 (0.001) (0.002) (0.002) | (0.003)
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is shown as a series of overlapping short waveforms (2
periods in this example), similar to an eye pattern. The
widely scattering points are the sinusoid generated with
s, =3.2psand s, =1% of the amplitude. The overlaying

(lightly shaded) points are the sinusoid after correction for
timebase errors. Itisclear from Fig. 3 that after correction,
the errors have been collapsed to such asmal level that
they can not be resolved on this scae.

We next consider the effects of using the incorrect
harmonic order in the estimation procedure. In general, the
harmonic distortion that is not accounted for will have the
same effect as having an inflated additive noise, with the
magnitude of the effect depending on the magnitude of the
distortion that is not accounted for. For example, if we
smulate the actual nominal signal withs, =3.2ps,
s, =1%, but n, =5, and with the amplitudes of the actual
4th and the 5th harmonics equal to those of the 2nd and the

3rd, while we use only three harmonic terms to correct the
timing errors, the meanvalue of s ; (for 100 simulations) is

found to be 1.167 ps, a substantial increase from the mean
of 0.165 ps (given in Table 2). However, if harmonic
distortion in the 4th and the 5th is negligible we do not see
a substantial increase. For example, if the amplitudes of the
4th harmonic for al three frequencies are all 0.1 mV, and
the amplitudes of the 5th harmonic of the three frequencies
are 0.7 mV, 0.7 mV, and 0.1 mV, then the resulting mean
value of s is only 0.196 ps. It is therefore necessary to

have some knowledge of the number of harmonics, ny, to
include in the distorted sinusoid model of (4), as was done
in[18].

V. EXPERIMENTAL STUDY

In this section we describe experiments that verify
our compensation technique. We also provide example
measurements where timebase correction is particularly
important, including cases with large jitter or long time
windows where TBD can give significant errors.

A. Experimental Study 1: A single sinusoid

We tested the assumption, that the trigger and
timebase generator are the dominant sources of jitter
(s ™ »s (%) which is necessary for this method to be
useful, by measuring an “unknown” sinusoid (on sampler 3
of Fig. 2) that was split from the 10 GHz reference signal
generator using a 3 dB splitter. The other output of the
splitter was further split in a hybrid coupler to provide 0°
and 90° reference signals to samplers 1 and 2 of Fig. 2.
The reference signals were provided by the clock output of
a digital pattern generator and the oscilloscope was
triggered at 1/16 of the clock frequency using the trigger
output of the pattern generator. After measuring 50 sets of
these 3 sinusoids, we changed the reference frequency to
the others listed in Table 1 and measured 50 sets of 0° and
90° sinusoids at those frequencies as well. Using the jitter
estimation software in the oscilloscope, we estimated the
jitter of the uncorrected measurement to have standard
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deviation of about 3.3 ps. From a separate measurement,
with no input to samplers 1 and 2, we found the RMS
additive noise was about 0.3% of the reference signal
amplitude.

Because the sinusoid to be corrected and the
reference signals are derived from the same source, we
expect that the jitter errors t®, t @, and the jitter error

t & of the “unknown” sinusoid are highly correlated and,

therefore, nearly equal. Hence, we expect this experiment
to be insensitive to these parameters, with the remaining

jitter being predominantly due to the jitter t > (x =1, 2,3)

in the samplers.

We estimated the timing errors in this exp eriment
using n,=3 and used measurements at all three frequencies
to calculate the TBD as an initial guess for the ODR
routine. Figure 4 shows a section of five of the 10 GHz
sinusoids measured by the third sampler before (bottom)
and after (top) correction for timebase errors. The
uncorrected measurement has a discontinuity at 4 ns, due to
timebasedistortion, and the random noiseis large where the
slope is large, indicating significant jitter in the
measurement. The corrected sinusoids have the
discontinuity removed and exhibit noise that is greatly
reduced and evenly distributed in time.  Note that the
waveforms shown in Fig. 4 have not been averaged.

We cannot use the procedure described in Section
IV to evaluate the residual timing error because, for
experimental data, both h and t; are unknown. If the

waveforms of interest are sinusoidal, however, we can use
the ODR procedure [23] to obtain an estimate of the
residual timing error after correction. Thisis obtained from
a sum of squares of the residuals of the ODR fit in the
“independent” (t,) variable. The mean of the 50 standard

0.4
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3.9 3.95 4 4.05 4.1
Time, ns

Figure4. Portion of five sinusoids measured on
sampler 3 before (bottom) and after (top) correction for
time-base errors. The offset between the curves has
been added for clarity.
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Figure5. Comparison of raw measurement (black
dots), averaged measurement (noisy gray line), and
timebase-corrected and averaged measurement (smooth
light line).

deviations of the residualsin f obtained from the ODR fit

to the sinusoids measured in sampler 3 was found to be 0.2
ps. Thus, our experimental results show a jitter
considerably larger than the numerical results of Table 2,
and we can conclude that the jitter t ‘*) of the samplersis
not negligible but is still much smaller than the original
jitter in the measurement. We estimated the jitter of one of
the samplers, using the estimated limit of 0.051 ps from

Table 2, as4/0.22- 0.0212/«/520.14 ps, giving an

estimated fundamental limit to our timebase correction. We

divide by J2 to reflect the simplification that the residual
sampler jitter is evenly distributed between sampler 3 and

the sampler that is predominantly used as the eference
signal for any given sample.

B. Experimental Study 2: Fast transient with jitter

In some measurement situations, jitter may blur
details of a fast transient event, such as the output of a
comb generator used for calibrating various high-speed
measurement equipment. To demonstrate our timebase
correction in this application, we used a 6 GHz signal
generator to drive a nonlinear transmission line (NLTL).
The NLTL was configured to steepen the falling edge of the
generated sinusoid, giving a fast transient with a 6 GHz
repetition rate. The output of the signal generator was split
between a countdown trigger generator, used to trigger the
oscilloscope, the NLTL, and a hybrid coupler whose
outputs were used as the reference signals on samplers 1
and 2. The measured transient from the NLTL has roughly
a9 psfall time.

By changing the trigger level of the oscilloscope
we can change the root mean square (rms) jitter from about
14 ps to more than 86 ps (as measured by the
oscilloscope). Additive noise on the reference signals was
about 0.4% of the sinusoid amplitude. Figure 5 shows 50
measurements of the waveform generated by the NLTL
before averaging (black dots) and after averaging (noisy
gray line) for the case where the ms jitter is 8.6 ps. The
light smooth curve in Fig. 5 is the result of the following
correction and averaging procedure: (a) each of the 50
waveforms was corrected for timebase errors, (b) each
corrected waveform was linearly interpolated back to the
original evenly spaced time grid, and (c) the resulting
curves were averaged. This estimated waveform has much
lessnoise but has ripple, ringing, and sharp features that are
blurred in the corresponding average of the uncorrected
measurements.

Figure 6 shows an expanded view of the
waveform after applying our procedure, with three different

-0.04
LY f.ﬁmmﬂ
! P
- \‘ . -
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-0.08 — § p
i— \ 7
% T \n -v"}
5 \ — L y
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i ':.‘ d 3.0ps
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Figure 6. Comparison of some corrected and averaged measurements. Measurements with initial jitter of 1.4 psand
3.0 psareindistinguishable on this scale, while the measurement with initial jitter of 8.6 ps shows differences aslarge

as 1.4 ps at sometimes.
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Table3. Residua jitter on measured NLTL waveform

Initial rmsjitter (as Residual rmsjitter (after
measured on correction, w=s?2/s 2 ), ps
oscilloscope), ps
1.4 0.15
3.0 0.20
6.3 0.25
8.6 0.25

initial values of jitter. Notice that the curves lie nearly on
top of each other. Because the ringing and ripple are
accurately represented in each reconstructed waveform,
these features are not artifacts of the signal processing, as
might be expected with some kinds of regularized
noncausal deconvolution [11].

Closer inspection of the curves in Fig. 6 shows
systematic time differences in the curves that increase with
initial jitter, but are still substantially less than the initial
jitter. The two lowest jitter curves typically agree to within
100 fs, while the lowest and highest jitter cases differ by as
much as 1.1 ps at some times. The cause of the systematic
difference between the high and low jitter cases is unknown
at thistime. The calculated fall times (10-90% of peak-to-
peak transition durations) of all four cases are
indistinguishable.

Because we do not have an analytic expression for
the fast transient, we cannot use the ODR approach to
estimate the residual timing error in its measurement after
correction. To estimate the residual jitter in the transient
measurement we used (2) on the corrected and linearly
interpolated waveforms. Interpolation to a uniform grid
allows us to estimate the variance and derivative at a given
time, as is needed in (2). The results of our estimate are
shown in Table 3. We observe that the results for the
experiments with most similar initial jitter (3.2 ps in
sinusoidal experiment, 3.0 ps in NLTL experiment) are in
good agreement; both have 0.2 ps residual jitter after
correction and include the same amount of error from
sampler jitter. Table 3 also shows that the resulting residual
jitter is only weakly dependent on the initia jitter, as
expected from the simulations in Section 1V, and that the
agorithm can improve a high jitter measurement by as
much as 34" (from 8.6 psto 0.25 ps).

V1. DEMONSTRATION PROGRAM

Our program for post-processing acquired
waveforms for timebase correction has a graphical user
interface. The program is available at
http://www.boulder.nist.gov/div815/HSM _Project/HSMP.h
tm

VII. CONCLUSION

We have shown how to simultaneously estimate
the systematic and random timebase errors of measured
sinusoidal  reference signals. Using the parallel
(simultaneous) sampling in our oscilloscope allows us to
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use this estimate to correct the timebase errors in a
simultaneously measured waveform by roughly a factor of
10, effectively replacing the timebase of the oscilloscope
with a timebase provided by the measured sinusoids. We
require only that the oscilloscope timebase have enough
accuracy to allow us to discriminate between consecutive
cycles of the clock signal. This allows us to correct the
timing errors that might be present with long waveforms or
large jitter, and lowers the noise floor significantly in most
measurements without averaging. In addition to the
examples described in this paper, we have aso
demonstrated clear reduction of effects due to random jitter
and timebase distortion in measurements of 10 Ghit/s data
sequences that are 52 ns (53248 samples) long and
multisine signals that are 500 ns (40960 samples) long.
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